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(57) ABSTRACT

A glass composition for protecting a semiconductor junction
is made of fine glass particles prepared from a material in a
molten state obtained by melting a glass raw material which
contains at least ZnO, SiO,, B,0;, Al,O; and at least two
oxides of alkaline earth metals selected from a group consist-
ing of BaO, CaO and MgO and substantially contains none of
Pb, As, Sb, Li, Na and K, the glass composition for protecting
a semiconductor junction containing no filler.
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GLASS COMPOSITION FOR PROTECTING
SEMICONDUCTOR JUNCTION, METHOD OF
MANUFACTURING SEMICONDUCTOR
DEVICE AND SEMICONDUCTOR DEVICE

RELATED APPLICATIONS

The present application is a National Phase of International
Application Number PCT/JP2013/059761, filed Mar. 29,
2013.

TECHNICAL FIELD

The present invention relates to a glass composition for
protecting a semiconductor junction, a method of manufac-
turing a semiconductor device and such a semiconductor
device.

BACKGROUND ART

There has been known a method of manufacturing a semi-
conductor device where a glass layer for passivation is formed
such that the glass layer covers a pn junction exposure portion
in a process of manufacturing a mesa semiconductor device
(see patent literature 1, for example). In manufacturing a
semiconductor device which exhibits an excellent switching
characteristic (a fast recovery diode) by using such a method
of manufacturing a semiconductor device, the following
manufacturing method is adopted. Hereinafter, such a manu-
facturing method is referred to as “conventional method of
manufacturing a semiconductor device”.

FIG. 16 (a) to FIG. 16 (d) and FIG. 17(a) to FIG. 17(d) are
views for explaining such a conventional method of manu-
facturing a semiconductor device. FIG. 16(a) to FIG. 16(d)
and FIG. 17(a) to FIG. 17(d) are views showing respective
steps of the conventional method.

The conventional method of manufacturing a semiconduc-
tor device includes, as shown in FI1G. 16 (a) to FIG. 16 (d) and
FIG. 17(a) to FIG. 17(d), “semiconductor base body forming
step”, “trench forming step”, “heavy metal diffusion step”,
“glass layer forming step”, “glass protection film forming
step”, “oxide film removing step”, “electrode forming step”,
and “semiconductor base body cutting step” in this order.
Hereinafter, the conventional method of manufacturing a
semiconductor device is explained in the order of these steps.
Inthis specification, a main surface ofthe semiconductor base
body on a side where trenches are formed is referred to a first
main surface, and a main surface of the semiconductor base
body on a side opposite to the first main surface is referred to
as a second main surface.

(a) Semiconductor base body forming step

Firstly, an n* type semiconductor layer 914 is formed by
diffusion of an n type impurity from a surface of an n™ type
semiconductor layer (n~ type silicon substrate) 910 on a sec-
ond main surface side, and a p* type semiconductor layer 912
is formed by diffusion of a p type impurity from a surface of
the n~ type semiconductor layer 910 on a first main surface
side thus forming a semiconductor base body in which a pn
junction arranged parallel to a main surface of the semicon-
ductor base body is formed. It may be possible that ann™ type
semiconductor layer (n~ type epitaxial layer) is formed on an
n* type semiconductor layer (n* type silicon substrate) and,
thereafter, a p* type semiconductor layer is formed by diffu-
sion of a p type impurity from a surface of the n™ type semi-
conductor layer (n~ type epitaxial layer) thus forming a semi-
conductor base body in which a pn junction arranged parallel
to a main surface of the semiconductor base body is formed.
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Thereafter, oxide films 916, 918 are formed by thermal oxi-
dation on a surface of the p* type semiconductor layer 912 and
a surface of the n* type semiconductor layer 914 respectively
(see FIG. 16(a)).
(b) Trench forming step

Next, predetermined opening portions are formed on the
oxide film 916 at predetermined positions by photo etching.
After etching the oxide film, subsequently, the semiconductor
base body is etched thus forming trenches 920 having a depth
exceeding the pn junction from the surface of the semicon-
ductor base body on the first main surface side (in this case,
the trenches 920 having a depth exceeding a boundary surface
between the n~ type semiconductor layer 910 and the n™ type
semiconductor layer 914) (see FIG. 16 (b)). Along with such
formation of the trenches, a pn junction exposure portion A is
formed on an inner surfaces of the trench.
(c) Heavy metal diffusion step

Next, alayer 922 which constitutes a heavy metal diffusion
source is formed on a surface of the semiconductor base body
on a second main surface side in such a manner that the oxide
film 918 is removed from the surface of the semiconductor
base body on the second main surface side and, thereafter, the
layer made of heavy metal (Pt, for example) is formed on the
surface of the semiconductor base body on the second main
surface side by a sputtering method or by resolving heavy
metal (Pt, for example) in solution and applying the solution
to the surface of the semiconductor base body on the second
main surface side by spinning. Thereafter, heavy metal is
thermally diffused at a predetermined temperature so that the
carrier recoupling center is formed in the inside of the semi-
conductor base body (see FIG. 16(c)). The heavy metal dif-
fusion step may be performed prior to the above-mentioned
trench forming step.
(d) Glass Layer Forming Step

Next, after removing the layer 922 which constitutes the
heavy metal diffusion source, a layer made of the glass com-
position for protecting a semiconductor junction is formed on
an inner surfaces of the trench 920 and a surface of the
semiconductor base body in the vicinity of the trench 920 by
an electrophoresis method, and the layer made of the glass
composition for protecting a semiconductor junction is baked
so that a glass layer 926 for passivation is formed on a surface
of'the trench 920 (see FIG. 16(d)). Here, an oxide film 924 is
formed on a surface of the semiconductor base body on a
second main surface side.
(e) Glass Protection Film Forming Step

Next, a glass protection film (a glass protection film made
of'apitch-based wax, for example) 928 is formed such that the
glass protection film 928 covers a surface of the glass layer
926 (see FIG. 17(a)).
() Oxide film removing step

Next, the oxide film 916 is etched using the glass protection
film 928 as a mask so that the oxide film 916 in an electrode
forming region 930 and the oxide film 924 formed on the
surface of the semiconductor base body on the second main
surface side are removed (see FIG. 17(b)).
(g) Electrode Forming Step

Next, a Ni plating is applied to the semiconductor base
body thus forming an anode electrode 932 in the electrode
forming region 930 on the surface of the semiconductor base
body on the first main surface side and forming a cathode
electrode 934 on the surface of the semiconductor base body
on the second main surface side (see FIG. 17(¢)). The anode
electrode and the cathode electrode may be formed by a gas
phase method such as vapor deposition or sputtering in place
of Ni plating.
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(h) Semiconductor Base Body Cutting Step

Next, the semiconductor base body is cut by dicing or the
like at a center portion of the glass layer 926 thus dividing the
semiconductor base body into a plurality of chips whereby
mesa semiconductor devices (pn diodes) 900 are manufac-
tured (see FIG. 17(d)).

As has been explained heretofore, the conventional method
of manufacturing a semiconductor device includes the step of
forming the trenches 920 exceeding the pn junction on the
surface of the semiconductor base body from the first main
surface side where the pn junction arranged parallel to the
main surface is formed (see FIG. 16(a) and FIG. 16(5)), and
the step of forming the glass layer 926 for passivation in the
inside of the trench 920 such that the glass layer 926 covers a
pn junction exposure portion (see FIG. 16(d)). Accordingly,
in the conventional method of manufacturing a semiconduc-
tor device, by cutting the semiconductor base body after
forming the glass layer 926 for passivation in the inside of the
trench 920, mesa semiconductor devices having high reliabil-
ity can be manufactured.

The conventional method of manufacturing a semiconduc-
tor device also includes a step of forming the carrier recou-
pling center in the inside of the semiconductor base body by
thermally diffusing heavy metal from the surface of the semi-
conductor base body on the second main surface side (see
FIG. 16(c)). Accordingly, the conventional method of manu-
facturing a semiconductor device can manufacture a semi-
conductor device which exhibits the excellent switching char-
acteristic with a short reverse recovery time trr.

PRIOR ART LITERATURE
Patent Literature

[Patent literature 1] JP-A-2004-87955

SUMMARY OF THE INVENTION
Problems that the Invention is to Solve

A glass material which is used in forming a glass layer for
passivation is required to satisfy following conditions (a) to
(d), that is, the condition (a) that the glass material can be
baked at a proper temperature, the condition (b) that the glass
material withstands chemicals used in steps, the condition (c)
that the glass material has excellent insulation property and
the condition (d) that the glass material does not deteriorate
characteristics of the semiconductor device. In view of the
above, “a glass material containing lead silicate as a main
component” has been widely used conventionally.

However, “the glass material containing lead silicate as a
main component” contains lead which imposes a heavy bur-
den on an environment and hence, it is thought that the use of
“the glass material containing lead silicate as a main compo-
nent” will be prohibited in the near future.

Such circumstances exist not only in a method of manu-
facturing a semiconductor device for manufacturing a mesa
semiconductor device but also in a method of manufacturing
a semiconductor device having high reliability in general
where a glass layer for passivation is formed so as to cover a
pnjunction exposure portion including a method of manufac-
turing a semiconductor device for manufacturing a planar-
type semiconductor device.

The present invention has been made in view of such cir-
cumstances, and it is an object of the present invention to
provide a glass composition for protecting a semiconductor
junction, a method of manufacturing a semiconductor device
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and such a semiconductor device which can manufacture a
semiconductor device having high reliability using a glass
material containing no lead in the same manner as a conven-
tional case where “a glass material containing lead silicate as
a main component” is used.

Means for Solving the Task

[1] The present invention is directed to a glass composition
for protecting a semiconductor junction used in forming a
glass layer which protects a pn junction in a semiconductor
element having a pn junction exposure portion where the pn
junction is exposed, wherein the glass composition for pro-
tecting a semiconductor junction is made of fine glass par-
ticles prepared from a material in a molten state obtained by
melting a glass raw material which contains at least ZnO,
Si0,, B,0;, Al,O; and at least two oxides of alkaline earth
metals selected from a group consisting of BaO, CaO and
MgO with the following contents and substantially contains
none of Pb, As, Sb, Li, Na and K, the glass composition for
protecting a semiconductor junction containing no filler.

Zn0: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0;: 5 mol % to 30 mol %

Al,0;: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %

[2] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that the glass raw material substantially contain no Bi.

[3] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that the glass raw material substantially contain no P.

[4] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that the glass raw material further contain nickel oxide.

[5] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that the glass raw material further contain ZrO,.

[6] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that the glass layer be a glass layer which is formed such that
the glass layer covers the pn junction exposure portion with
an insulation layer interposed therebetween.

[7] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that a glass transition temperature Tg fall within a range of
from 540° C. to 680° C.

[8] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that an average linear expansion coefficient within a tempera-
ture range of from 50° C. to 500° C. fall within a range of from
4.5x107%t0 5.8x107.

[9] In the glass composition for protecting a semiconductor
junction according to the present invention, it is preferable
that the content of ZnO fall within a range of from 40 mol %
to 56 mol %, the content of SiO, fall within a range of from 8
mol % to 20 mol %, the content of B,O; fall within a range of
from 20 mol % to 30 mol %, the content of Al,O; fall within
a range of from 6 mol % to 10 mol %, and the content of the
oxide of an alkaline earth metal fall within a range of from 2
mol % to 5 mol %.

[10] In the glass composition for protecting a semiconduc-
tor junction according to the present invention, it is preferable
that the semiconductor element be a semiconductor element
made of Si.
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[11] In the glass composition for protecting a semiconduc-
tor junction according to the present invention, it is preferable
that the semiconductor element be a fast recovery diode.

[12] In the glass composition for protecting a semiconduc-
tor junction according to the present invention, it is preferable
that the semiconductor element be a semiconductor element
made of SiC.

[13] In the glass composition for protecting a semiconduc-
tor junction according to the present invention, it is preferable
that the semiconductor element be a semiconductor element
made of GaN.

[14] The present invention is also directed to a method of
manufacturing a semiconductor device including, in the fol-
lowing order: a first step of preparing a semiconductor ele-
ment having a pn junction exposure portion where a pn junc-
tion is exposed; and a second step of forming a glass layer
such that the glass layer covers the pn junction exposure
portion, wherein in the second step, the glass layer is formed
using a glass composition for protecting a semiconductor
junction made of fine glass particles prepared from a material
in a molten state obtained by melting a glass raw material
which contains at least ZnO, Si0,, B,0;, Al,O; and at least
two oxides of alkaline earth metals selected from a group
consisting of BaO, CaO and MgO with the following contents
and substantially contains none of Pb, As, Sb, Li, Na and K,
the glass composition for protecting a semiconductor junc-
tion containing no filler.

Zn0O: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0Oj5: 5 mol % to 30 mol %

Al,O;: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %

[15] In the method of manufacturing a semiconductor
device according to the present invention, it is preferable that
the second step include a step of forming an insulation film on
the pn junction exposure portion, and a step of forming the
glass layer such that the glass layer covers the pn junction
exposure portion with the insulation film interposed therebe-
tween.

[16] The present invention is also directed to a semicon-
ductor device including: a semiconductor element having a
pn junction exposure portion where a pn junction is exposed;
and a glass layer which is formed such that the glass layer
covers the pn junction exposure portion, wherein the glass
layer is formed using a glass composition for protecting a
semiconductor junction made of fine glass particles prepared
from a material in a molten state obtained by melting a glass
raw material which contains at least ZnO, SiO,, B,0;, Al,O,
and at least two oxides of alkaline earth metals selected from
a group consisting of BaO, Ca0O and MgO with the following
contents and substantially contains none of Pb, As, Sb, Li, Na
and K, the glass composition for protecting a semiconductor
junction containing no filler.

Zn0O: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0Oj5: 5 mol % to 30 mol %

AL O;: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %

[17] In the semiconductor device according to the present
invention, it is preferable that the glass layer be formed such
that the glass layer covers the pn junction exposure portion
with an insulation layer interposed therebetween.

Advantage of the Invention

According to the glass composition for protecting a semi-
conductor junction, the method of manufacturing a semicon-
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ductor device and the semiconductor device of the present
invention, as can be clearly understood from examples
described later, a semiconductor device having high reliabil-
ity can be manufactured by using a glass material which
contains no lead in the same manner as the conventional case
where “a glass material containing lead silicate as a main
component” is used.

According to the glass composition for protecting a semi-
conductor junction, the method of manufacturing a semicon-
ductor device and the semiconductor device of the present
invention, the glass layer is formed by baking the layer made
of'the glass composition for protecting a semiconductor junc-
tion which is made of fine glass particles prepared from a
material in a molten state obtained by melting a glass raw
material which contains at least ZnO, SiO,, B,0;, Al,O; and
at least two oxides of alkaline earth metals selected from a
group consisting of BaO, CaO and MgO with the previously-
mentioned contents, and substantially contains none of Pb,
As, Sb, Li, Na and K. Due to such composition, a glass
transition temperature Tg of the glass composition for pro-
tecting the semiconductor junction of the present invention is
low, that is, 540° C. to 680° C. Accordingly, as can be clearly
understood from examples described later, a baking tempera-
ture at which a layer made of the glass composition for pro-
tecting a semiconductor junction of the present invention is
baked can be set further lower than a baking temperature at
which a layer made of a conventional “glass material contain-
ing lead silicate as a main component” is baked. For example,
the baking temperature at which a layer made of the glass
composition for protecting a semiconductor junction is baked
can be set to 600° C. to 730° C.

As a result, according to the glass composition for protect-
ing a semiconductor junction, the method of manufacturing a
semiconductor device and the semiconductor device of the
present invention, even in the manufacture of the semicon-
ductor device where the carrier recoupling center is decreased
by annealing in the manufacturing step of the semiconductor
element (in the step of baking the glass composition for
protecting a semiconductor junction) so that switching char-
acteristic is liable to deteriorate (a fast recovery diode whose
reverse recovery time trr is liable to be prolonged, for
example), the switching characteristic hardly deteriorates in
the manufacturing step of the semiconductor element (in the
step of baking the glass composition for protecting a semi-
conductor junction) thus enabling the manufacture of the
semiconductor device having excellent switching character-
istic.

As a result, according to the glass composition for protect-
ing a semiconductor junction, the method of manufacturing a
semiconductor device and the semiconductor device of the
present invention, in the manufacturing step of the semicon-
ductor element (step of baking the glass composition for
protecting a semiconductor junction), the glass layer is hardly
crystallized thus enabling the manufacture of the semicon-
ductor device having a low reverse leakage current IR. In this
case, it is possible to manufacture a semiconductor device
having a low reverse leakage current IR in a stable manner
even when a background oxide film is not formed between the
semiconductor base body and the glass layer (see embodi-
ment 4 and examples 2 to 6 described later).

When the glass composition for protecting a semiconduc-
tor junction containing a filler is used as the glass composition
for protecting a semiconductor junction, there is a case where
at the time of forming a layer made of the glass composition
for protecting a semiconductor junction such that the layer
covers the pn junction, it is difficult to uniformly form the
layer made of the glass composition for protecting a semi-
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conductor junction. That is, when a layer made of the glass
composition for protecting a semiconductor junction is
formed by an electrophoresis method, it is difficult to uni-
formly form the layer made of the glass composition for
protecting a semiconductor junction due to non-uniform elec-
trophoresis. On the other hand, when a layer made of the glass
composition for protecting a semiconductor junction is
formed by a spin coating method, a screen printing method or
a doctor blade method, there is a case where it is difficult to
uniformly form a layer made of the glass composition for
protecting a semiconductor junction due to difference in par-
ticle size, specific gravity or the like.

To the contrary, according to the glass composition for
protecting a semiconductor junction, the method of manufac-
turing a semiconductor device and the semiconductor device
of the present invention, the layer made of the glass compo-
sition for protecting a semiconductor junction which contains
no filler is used as the glass composition for protecting a
semiconductor junction and hence, in forming the layer made
of'the glass composition for protecting a semiconductor junc-
tion such that the layer covers the pn junction, it is possible to
uniformly form the layer made of the glass composition for
protecting a semiconductor junction.

In the glass composition for protecting a semiconductor
junction, the method of manufacturing a semiconductor
device and the semiconductor device of the present invention,
“to contain at least some specific components (ZnO, SiO, and
the like)” means not only the case where the glass composi-
tion contains only some specific components but also the case
where the glass composition also contains other components
which can be usually contained in the glass composition
besides some specific components.

In the glass composition for protecting a semiconductor
junction, the method of manufacturing a semiconductor
device and the semiconductor device of the present invention,
“to substantially contain no specific element (Pb, As or the
like)”” means that the glass composition contains no any such
specific element as the component of the glass composition,
and does not exclude the glass composition in which the
above-mentioned specific element is mixed as an unavoidable
impurity in the glass materials which constitute respective
components of glass.

In the glass composition for protecting a semiconductor
junction, the method of manufacturing a semiconductor
device and the semiconductor device of the present invention,
“to contain no specific element (Pb, As or the like)” means
that the glass composition contains neither an oxide of the
specific element nor a nitride or the like of the specific ele-
ment.

The reason that the glass composition substantially con-
tains no Pb is that the object of the present invention lies in
that a semiconductor device having high reliability can be
manufactured by using a glass material which contains no
lead in the same manner as the conventional case where “a
glass material containing lead silicate as a main component”
is used.

The reason that the glass composition substantially con-
tains neither As nor Sb is that these components are toxic and
hence, there has been the movement to limit the use of these
components.

The reason that the glass composition substantially con-
tains none of Li, Na and K is that when the glass composition
contains these components, although the glass composition
can acquire advantageous effects with respect to an average
linear expansion coefficient and a baking temperature, there
is a case where the insulation property of the glass composi-
tion deteriorates.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A, FIG. 1B, FIG. 1C, and FIG. 1D are views for
explaining a method of manufacturing a semiconductor
device according to an embodiment 4.

FIG. 2A, FIG. 2B, FIG. 2C, and FIG. 2D are views for
explaining the method of manufacturing a semiconductor
device according to the embodiment 4.

FIG. 3A, FIG. 3B, FIG. 3C, and FIG. 3D are views for
explaining a method of manufacturing a semiconductor
device according to an embodiment 5.

FIG. 4A, FIG. 4B, FIG. 4C, and FIG. 4D are views for
explaining the method of manufacturing a semiconductor
device according to the embodiment 5.

FIG. 5A, FIG. 5B, FIG. 5C, and FIG. 5D are views for
explaining a method of manufacturing a semiconductor
device according to an embodiment 6.

FIG. 6 A, FIG. 6B, and FIG. 6C are views for explaining the
method of manufacturing a semiconductor device according
to the embodiment 6.

FIG. 7A, FIG. 7B, and FIG. 7C are views for explaining a
method of manufacturing a semiconductor device according
to an embodiment 7.

FIG. 8A,FIG. 8B, and FIG. 8C are views for explaining the
method of manufacturing a semiconductor device according
to the embodiment 7.

FIG.9A, FIG. 9B, and FIG. 9C are views for explaining the
method of manufacturing a semiconductor device according
to the embodiment 7.

FIG.10A, FIG. 10B, and FIG. 10C are views for explaining
the method of manufacturing a semiconductor device accord-
ing to the embodiment 7.

FIG. 11 is a table showing conditions and results of
examples.

FIG. 12A and FIG. 12B are views for explaining bubbles b
generated in the inside of a glass layer 126 in a preliminary
evaluation.

FIG. 13A and FIG. 13B are Photographs for explaining
bubbles b generated in the inside of the glass layer 126 in a
subsequent evaluation.

FIG. 14 is a graph showing a reverse current in a semicon-
ductor device which is manufactured using a glass composi-
tion for protecting a semiconductor junction according to an
example 3.

FIG. 15 is a graph for explaining a method of measuring a
reverse recovery time trr.

FIG.16A, FIG.16B, FIG. 16C, and FIG. 16D are views for
explaining a conventional method of manufacturing a semi-
conductor device.

FIG.17A, F1G.17B, FIG. 17C, and F1G. 17D are views for
explaining the conventional method of manufacturing a semi-
conductor device.

MODE FOR CARRYING OUT THE INVENTION

Hereinafter, a glass composition for protecting a semicon-
ductor junction, a method of manufacturing a semiconductor
device and such a semiconductor device according to the
present invention are explained in conjunction with embodi-
ments shown in the drawings.

Embodiment 1

The embodiment 1 relates to a glass composition for pro-
tecting a semiconductor junction. Particularly, the embodi-
ment 1 is the embodiment which includes glass compositions
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for protecting a semiconductor junction according to
examples 3 to 6 described later.

The glass composition for protecting a semiconductor
junction according to the embodiment 1 is a glass composi-
tion for protecting a semiconductor junction used in forming
a glass layer which protects a pn junction in a semiconductor
element having a pn junction exposure portion where the pn
junction is exposed, wherein the glass composition for pro-
tecting a semiconductor junction is made of fine glass par-
ticles prepared from a material in a molten state obtained by
melting a glass raw material which contains at least ZnO,
Si0,, B,0;, Al,O;, at least two oxides of alkaline earth
metals selected from a group consisting of BaO, CaO and
MgO, ZrO, and nickel oxide with the following contents and
substantially contains none of Pb, As, Sb, Li, Na and K, the
glass composition for protecting a semiconductor junction
containing no filler.

Zn0O: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0;: 5 mol % to 30 mol %

AL O;: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %

Zr0,: 0.1 mol % to 3.0 mol %

nickel oxide: 0.01 mol % to 2.0 mol %

In the glass composition for protecting a semiconductor
junction according to the embodiment 1, the glass raw mate-
rial may contain, as an oxide of an alkaline earth metal, all of
BaO, CaO and MgO, or two oxides out of BaO, CaO and
MgO (BaO and CaO, for example).

In the glass composition for protecting a semiconductor
junction according to the embodiment 1, it is preferable that
the glass raw material substantially contain none of Bi and P.

In the glass composition for protecting a semiconductor
junction according to the embodiment 1, a glass transition
temperature Tg falls within a range of from 540° C.to 680° C.
Further, in the glass composition for protecting a semicon-
ductor junction according to the embodiment 1, an average
linear expansion coefficient within a temperature range of
from 50° C. to 500° C. falls within a range of from 4.5x107°
to 5.8x107.

According to the glass composition for protecting a semi-
conductor junction according to the embodiment 1, as can be
clearly understood from examples described later, a semicon-
ductor device having high reliability can be manufactured by
using a glass material which contains no lead in the same
manner as the conventional case where “a glass material
containing lead silicate as a main component” is used.

The glass composition for protecting a semiconductor
junction according to the embodiment 1 is the glass compo-
sition for protecting a semiconductor junction which is made
of fine glass particles prepared from a material in a molten
state obtained by melting a glass raw material which contains
at least ZnO, Si0,, B,0;, Al,O, and at least two oxides of
alkaline earth metals selected from a group consisting of
BaO, CaO and MgO with the previously-mentioned contents,
and substantially contains none of Pb, As, Sb, Li, Na and K.
Due to such composition, a glass transition temperature Tg of
the glass composition for protecting the semiconductor junc-
tion according to the embodiment 1 is low, that is, 540° C. to
680° C. Accordingly, as can be clearly understood from
examples described later, a baking temperature at which a
layer made of the glass composition for protecting a semi-
conductor junction according to the embodiment 1 is baked
can be set further lower than a baking temperature at which a
layer made of a conventional “glass material containing lead
silicate as a main component” is baked. For example, the
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baking temperature at which a layer made of the glass com-
position for protecting a semiconductor junction is baked can
be set to 600° C. to 730° C.

As a result, according to the glass composition for protect-
ing a semiconductor junction according to the embodiment 1,
even in the manufacture of the semiconductor device where
the carrier recoupling center is decreased by annealing in the
manufacturing step of the semiconductor element (in the step
of'baking the glass composition for protecting a semiconduc-
tor junction) so that switching characteristic is liable to dete-
riorate (a fast recovery diode whose reverse recovery time trr
is liable to be prolonged, for example), the switching charac-
teristic hardly deteriorates in the manufacturing step of the
semiconductor element (in the step of baking the glass com-
position for protecting a semiconductor junction) thus
enabling the manufacture of the semiconductor device having
excellent switching characteristic.

According to the glass composition for protecting a semi-
conductor junction according to the embodiment 1, in the
manufacturing step of the semiconductor element (step of
baking the glass composition for protecting a semiconductor
junction), the glass layer is hardly crystallized thus enabling
the manufacture of the semiconductor device having a low
reverse leakage current IR. Accordingly, it becomes possible
to manufacture a semiconductor device having a low reverse
leakage current IR in a stable manner even when a back-
ground oxide film is not formed between a semiconductor
base body and the glass layer (see embodiment 4 and
examples 3 to 6 described later).

According to the glass composition for protecting a semi-
conductor junction according to the embodiment 1, the layer
made ofthe glass composition for protecting a semiconductor
junction which contains no filler is used as the glass compo-
sition for protecting a semiconductor junction and hence, in
forming the layer made of the glass composition for protect-
ing a semiconductor junction such that the layer covers the pn
junction, itis possible to uniformly form the layer made ofthe
glass composition for protecting a semiconductor junction.

Among the glass compositions for protecting a semicon-
ductor junction according to the embodiment 1, in the case of
the glass compositions for protecting a semiconductor junc-
tion including glass compositions for protecting a semicon-
ductor junction of examples 3, 4 and 6 described later, that is,
the glass compositions for protecting a semiconductor junc-
tion where the content of ZnO falls within a range of from 40
mol % to 56 mol %, the content of SiO, falls within a range of
from 8 mol % to 20 mol %, the content of B, O, falls within a
range of from 20 mol % to 30 mol %, the content of Al,O,
falls within a range of from 6 mol % to 10 mol %, and the
content of an oxide of an alkaline earth metal falls within a
range of from 2 mol % to 5 mol %, the glass transition
temperature Tg can be further lowered, that is, 540° C. to 620°
C. As can be clearly understood from examples described
later, a baking temperature at which a layer made of the glass
composition for protecting a semiconductor junction accord-
ing to the embodiment 1 is baked can be set further lower than
a baking temperature at which a layer made of a conventional
“glass material containing lead silicate as a main component”
is baked. For example, the baking temperature at which a
layer made of the glass composition for protecting a semi-
conductor junction is baked can be set to 600° C. to 730° C.

According to the glass composition for protecting a semi-
conductor junction according to the embodiment 1, it is pos-
sible to set an average linear expansion coefficient of the glass
composition for protecting a semiconductor junction within a
temperature range of from 50° C. to 500° C. to a value (4.8x
107° to 5.8x107°, for example) close to a linear expansion
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coefficient of a semiconductor material (Si, SiC, GaN) (Si:
3.7x107°, SiC: 4.4x107°, GaN: 5.6x107%). Accordingly, the
warping of a wafer during steps is decreased and hence, a
semiconductor device having an excellent forward character-
istic can be manufactured using a thin wafer, while a semi-
conductor device having an excellent reverse characteristic
can be manufactured by increasing a thickness of a glass
layer.

The reason the content of ZnO is set to a value which falls
within a range of from 30 mol % to 60 mol % is that when the
content of ZnO is less than 30 mol %, there is a tendency that
a baking temperature needs to be elevated, while when the
content of ZnO exceeds 60 mol %, there is a case where the
chemical resistance deteriorates or the insulation property is
degraded and, further, there is a tendency that the glass com-
position is liable to be crystallized in the process of vitrifica-
tion.

The reason the content of SiO, is set to a value which falls
within a range of from 5 mol % to 45 mol % is that when the
content of Si0, is less than 5 mol %, there is a case where the
chemical resistance deteriorates or the insulation property is
degraded, while when the content of SiO, exceeds 45 mol %,
there is a tendency that a baking temperature needs to be
elevated.

The reason the content of B,Oj is set to a value which falls
within a range of from 5 mol % to 30 mol % is that when the
content of B,O; is less than 5 mol %, there is a tendency that
a baking temperature needs to be elevated, while when the
content of B,O; exceeds 30 mol %, there is a tendency that an
average linear expansion coefficient is increased.

The reason the content of Al,O; is set to a value which falls
within a range of from 5 mol % to 13 mol % is that when the
content of Al,O, is less than 5 mol %, there is a tendency that
the glass composition is liable to be crystallized in the process
of vitrification, while when the content of Al,O, exceeds 13
mol %, there is a tendency that the insulation property is
degraded.

The reason the content of an oxide of an alkaline earth
metal is set to a value which falls within a range of from 1 mol
% to 10 mol % is that when the content of an oxide of an
alkaline earth metal is less than 1 mol %, there is a tendency
that a baking temperature needs to be elevated, while when
the content of an oxide of an alkaline earth metal exceeds 10
mol %, there is a case where the chemical resistance deterio-
rates or the insulation property is degraded.

The reason the glass composition contains at least two
oxides of an alkaline earth metal as oxides of an alkaline earth
metal in this embodiment is that it is possible to lower a
baking temperature by making use of an alkali mixing effect
(effect that vitrification is facilitated by allowing the compo-
sition to contain a plurality of atoms having different atomic
radii).

The reason the content of ZrO, is set to a value which falls
within a range of from 0.1 mol % to 3.0 mol % is that when the
content of ZrO, is less than 0.1 mol %, there is a case where
the chemical resistance deteriorates or the insulation property
is degraded, while when the content of ZrO, exceeds 3.0 mol
%, a melting temperature of glass is increased.

The reason the content of nickel oxide is set to a value
which falls within a range of from 0.01 mol % to 2.0 mol % is
that when the content of nickel oxide is less than 0.01 mol %,
there is a case where it becomes difficult to suppress the
generation of bubbles which may be generated from a bound-
ary surface between a “layer made of the glass composition
for protecting a semiconductor junction” and a semiconduc-
tor substrate in step of baking the “layer made of the glass
composition for protecting a semiconductor junction”, while
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when the content of nickel oxide exceeds 2.0 mol %, there is
a tendency that the glass composition is liable to be crystal-
lized in the process of vitrification.

The glass composition for protecting a semiconductor
junction according to the embodiment 1 can be manufactured
as follows. That is, glass raw materials (ZnO, SiO,, H;BO;,
Al,0,, BaCO,, CaCOj,, MgO, ZrO, and NiO) are prepared at
the above-mentioned composition ratio (molar ratio), these
glass raw materials are sufficiently mixed and stirred by a
mixer and, thereafter, the mixed glass raw material is put into
aplatinum crucible, and is melted for a predetermined time at
a predetermined temperature (1250° C. to 1350° C., for
example) in an electric furnace. Then, the material in a molten
state is made to flow out from the crucible and is fed to
water-cooled rolls so that glass flakes in a flaky shape are
obtained. Thereafter, the glass flakes are pulverized by a ball
mill or the like until the glass flakes obtain a predetermined
average particle size thus obtaining the powdery glass com-
position.

The glass composition for protecting a semiconductor
junction according to the embodiment 1 is preferably appli-
cable to any one of a semiconductor element made of Si, a
semiconductor element made of SiC and a semiconductor
element made of GaN.

The glass composition for protecting a semiconductor
junction according to the embodiment 1 is preferably appli-
cable to a semiconductor device where a carrier recoupling
center is decreased by annealing in the manufacturing step of
the semiconductor element (in the step of baking a glass
composition for protecting a semiconductor junction) so that
a switching characteristic is liable to deteriorate (fast recov-
ery diode whose reverse recovery time trr is liable to be
prolonged, for example).

Further, in the glass composition for protecting a semicon-
ductor junction according to the embodiment 1, an average
linear expansion coefficient within a temperature range of
from 50° C. to 500° C. falls within a range of from 4.5x107°
to 5.8x107° and hence, the glass composition for protecting a
semiconductor junction according to the embodiment 1 is
also preferably applicable to a semiconductor element made
of SiC whose average linear expansion coefficient is rela-
tively high (linear expansion coefficient of SiC: 4.4x107%) or
a semiconductor element made of GaN whose average linear
expansion coefficient is relatively high (linear expansion
coeflicient of GaN: 5.6x1079).

Embodiment 2

The embodiment 2 relates to a glass composition for pro-
tecting a semiconductor junction. Particularly, the embodi-
ment 2 relates to a glass composition for protecting a semi-
conductor junction according to an example 1 described later.

The glass composition for protecting a semiconductor
junction according to the embodiment 2 basically contains
the substantially same components as the glass composition
for protecting a semiconductor junction according to the
embodiment 1. However, the glass composition for protecting
a semiconductor junction according to the embodiment 2
differs from the glass composition for protecting a semicon-
ductor junction according to the embodiment 1 with respect
to a point that the glass composition for protecting a semi-
conductor junction according to the embodiment 2 contains
no nickel oxide. That is, the glass composition for protecting
a semiconductor junction according to the embodiment 2
which basically contains the substantially same components
as the glass composition for protecting a semiconductor junc-
tion according to the embodiment 1 is the glass composition
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for protecting a semiconductor junction made of fine glass
particles prepared from a material in a molten state obtained
by melting a glass raw material which contains at least ZnO,
Si0,, B,0;, Al,O;, at least two oxides of alkaline earth
metals selected from a group consisting of BaO, CaO and
MgO and ZrO,, and substantially contains none of Pb, As, Sb,
Li, Na and K. Further, the glass composition for protecting a
semiconductor junction contains no filler.

With respect to the content of ZnO, the content of SiO,, the
content of B,O;, the content of Al,O;, the content of an oxide
of an alkaline earth metal and the content of ZrO,, the glass
composition for protecting a semiconductor junction accord-
ing to the embodiment 2 has the same contents as the glass
composition for protecting a semiconductor junction accord-
ing to the embodiment 1.

Further, in the glass composition for protecting a semicon-
ductor junction according to the embodiment 2, in the sub-
stantially same manner as the glass composition for protect-
ing a semiconductor junction according to the embodiment 1,
a glass transition temperature Tg falls within a range of from
540° C. to 680° C., and an average linear expansion coeffi-
cient within a temperature range of from 50° C. to 500° C.
falls within a range of from 4.5x107° to 5.8x107.

In this manner, the glass composition for protecting a semi-
conductor junction according to the embodiment 2 differs
from the glass composition for protecting a semiconductor
junction according to the embodiment 1 with respect to a
point that the glass composition for protecting a semiconduc-
tor junction according to the embodiment 2 contains no nickel
oxide. However, in the same manner as the glass composition
for protecting a semiconductor junction according to the
embodiment 1, according to the glass composition for pro-
tecting a semiconductor junction according to the embodi-
ment 2, a semiconductor device having high reliability can be
manufactured by using a glass material which contains no
lead in the same manner as the conventional case where “a
glass material containing lead silicate as a main component”
is used.

Further, with respect to the content of ZnO, the content of
Si0O,, the content of B, Oy, the content of Al, O, the content of
an oxide of an alkaline earth metal and the content of ZrO,,
the glass composition for protecting a semiconductor junc-
tion according to the embodiment 2 has the same contents as
the glass composition for protecting a semiconductor junc-
tion according to the embodiment 1. Accordingly, in the same
manner as the glass composition for protecting a semicon-
ductor junction according to the embodiment 1, a glass tran-
sition temperature Tg of the glass composition for protecting
the semiconductor junction according to the embodiment 2 is
low, that is, 540° C. to 680° C. and hence, as can be clearly
understood from examples described later, a baking tempera-
ture at which a layer made of the glass composition for pro-
tecting a semiconductor junction according to the embodi-
ment 2 is baked can be set further lower than a baking
temperature at which a layer made of a conventional “glass
material containing lead silicate as a main component™ is
baked. For example, the baking temperature at which a layer
made of the glass composition for protecting a semiconductor
junction is baked can be set to 600° C. to 730° C.

As aresult, according to the glass composition for protect-
ing a semiconductor junction according to the embodiment 2,
in the same manner as the glass composition for protecting a
semiconductor junction according to the embodiment 1, even
in the manufacture of the semiconductor device where the
carrier recoupling center is decreased by annealing in the
manufacturing step of the semiconductor element (in the step
of'baking the glass composition for protecting a semiconduc-
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tor junction) so that switching characteristic is liable to dete-
riorate (a fast recovery diode whose reverse recovery time trr
is liable to be prolonged, for example), the switching charac-
teristic hardly deteriorates in the manufacturing step of the
semiconductor element (in the step of baking the glass com-
position for protecting a semiconductor junction) thus
enabling the manufacture of the semiconductor device having
an excellent switching characteristic.

As a result, according to the glass composition for protect-
ing a semiconductor junction according to the embodiment 2,
in the same manner as the glass composition for protecting a
semiconductor junction according to the embodiment 1, in
the manufacturing step of the semiconductor element (step of
baking the glass composition for protecting a semiconductor
junction), the glass layer is hardly crystallized thus enabling
the manufacture of the semiconductor device having a low
reverse leakage current IR (see embodiments 4 and 5
described later).

According to the glass composition for protecting a semi-
conductor junction according to the embodiment 2, the layer
made ofthe glass composition for protecting a semiconductor
junction which contains no filler is used as the glass compo-
sition for protecting a semiconductor junction and hence, in
forming the layer made of the glass composition for protect-
ing a semiconductor junction such that the layer covers the pn
junction, itis possible to uniformly form the layer made ofthe
glass composition for protecting a semiconductor junction.

The glass composition for protecting a semiconductor
junction according to the embodiment 2 has the substantially
same constitution as the glass composition for protecting a
semiconductor junction according to the embodiment 1
except for the point that the glass composition for protecting
a semiconductor junction according to the embodiment 2
contains no nickel oxide. Accordingly, the glass composition
for protecting a semiconductor junction according to the
embodiment also has advantageous effects derived from the
same constitution out of the advantageous effects which the
glass composition for protecting a semiconductor junction
according to the embodiment 1 has.

The reason the content of ZnO, the content of SiO,, the
content of B,O;, the content of Al,O;, the content of an oxide
of an alkaline earth metal and the content of ZrO, are set to
values which fall within the above-mentioned ranges is sub-
stantially equal to the reason explained in conjunction with
the glass composition for protecting a semiconductor junc-
tion according to the embodiment 1.

The reason the glass composition for protecting a semicon-
ductor junction according to the embodiment 2 contains no
nickel oxide is that even when the glass composition for
protecting a semiconductor junction according to the embodi-
ment 2 contains no a nickel oxide, there is a case where it is
possible to suppress the generation of bubbles which may be
generated from a boundary surface between a “layer made of
the glass composition for protecting a semiconductor junc-
tion” and a silicon substrate in step of baking the “layer made
of'the glass composition for protecting a semiconductor junc-
tion”.

The glass composition for protecting a semiconductor
junction according to the embodiment 2 can be manufactured
as follows. That is, glass raw materials (ZnO, SiO,, H;BO;,
Al,O,, BaCOj;, CaCO;, MgO and ZrO,) are prepared at the
above-mentioned composition ratio (molar ratio), these glass
raw materials are sufficiently mixed and stirred by a mixer
and, thereafter, the mixed glass raw material is put into a
platinum crucible, and is melted for a predetermined time at a
predetermined temperature (1250° C. to 1350° C., for
example) in an electric furnace. Then, the material in a molten



US 9,236,318 B1

15

state is made to flow out from the crucible and is fed to
water-cooled rolls so that glass flakes in a flaky shape are
obtained. Thereafter, the glass flakes are pulverized by a ball
mill or the like until the glass flakes obtain a predetermined
average particle size thus obtaining the powdery glass com-
position.

In the same manner as the glass composition for protecting
a semiconductor junction according to the embodiment 1, the
glass composition for protecting a semiconductor junction
according to the embodiment 2 is also preferably applicable
to any one of a semiconductor element made of Si, a semi-
conductor element made of SiC and a semiconductor ele-
ments made of GaN.

Embodiment 3

The embodiment 3 relates to a glass composition for pro-
tecting a semiconductor junction.

The glass composition for protecting a semiconductor
junction according to the embodiment 3 basically contains
the substantially same components as the glass composition
for protecting a semiconductor junction according to the
embodiment 1. However, the glass composition for protecting
a semiconductor junction according to the embodiment 3
differs from the glass composition for protecting a semicon-
ductor junction according to the embodiment 1 with respect
to a point that the glass composition for protecting a semi-
conductor junction according to the embodiment 3 contains
no ZrO,. That is, the glass composition for protecting a semi-
conductor junction according to the embodiment 3 is the glass
composition for protecting a semiconductor junction made of
fine glass particles prepared from a material in a molten state
obtained by melting a glass raw material which contains at
least ZnO, Si0,, B,0;, Al,O;, at least two oxides of alkaline
earth metals selected from a group consisting of BaO, CaO
and MgO and nickel oxide, and substantially contains none of
Pb, As, Sb, Li, Na and K. Further, the glass composition for
protecting a semiconductor junction contains no filler.

With respect to the glass composition for protecting a semi-
conductor junction according to the embodiment 3, the con-
tent of ZnO, the content of SiO,, the content of B,O;, the
content of Al,O;, the content of an oxide of an alkaline earth
metal and the content of nickel oxide are equal to these
contents of the glass composition for protecting a semicon-
ductor junction according to the embodiment 1.

Further, in the glass composition for protecting a semicon-
ductor junction according to the embodiment 3, in the sub-
stantially same manner as the glass composition for protect-
ing a semiconductor junction according to the embodiment 1,
a glass transition temperature Tg falls within a range of from
540° C. to 680° C., and an average linear expansion coeffi-
cient within a temperature range of from 50° C. to 500° C.
falls within a range of from 4.5x107% to 5.8x107S.

In this manner, the glass composition for protecting a semi-
conductor junction according to the embodiment 3 differs
from the glass composition for protecting a semiconductor
junction according to the embodiment 1 with respect to a
point that the glass composition for protecting a semiconduc-
tor junction according to the embodiment 3 contains no ZrO,.
However, in the same manner as the glass composition for
protecting a semiconductor junction according to the embodi-
ment 1, according to the glass composition for protecting a
semiconductor junction according to the embodiment 3, a
semiconductor device having high reliability can be manu-
factured by using a glass material which contains no lead in
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the same manner as the conventional case where “a glass
material containing lead silicate as a main component™ is
used.

Further, with respect to the content of ZnO, the content of
Si0,, the content of B,O;, the content of Al,O;, the content of
an oxide of an alkaline earth metal and the content of ZrO,,
the glass composition for protecting a semiconductor junc-
tion according to the embodiment 2 has the same contents as
the glass composition for protecting a semiconductor junc-
tion according to the embodiment 1. Accordingly, in the same
manner as the glass composition for protecting a semicon-
ductor junction according to the embodiment 1, a glass tran-
sition temperature Tg of the glass composition for protecting
the semiconductor junction according to the embodiment 3 is
low, that is, 540° C. to 680° C. and hence, as can be clearly
understood from examples described later, a baking tempera-
ture at which a layer made of the glass composition for pro-
tecting a semiconductor junction according to the embodi-
ment 3 is baked can be set further lower than a baking
temperature at which a layer made of a conventional “glass
material containing lead silicate as a main component™ is
baked. For example, the baking temperature at which a layer
made ofthe glass composition for protecting a semiconductor
junction is baked can be set to 600° C. to 730° C.

As a result, according to the glass composition for protect-
ing a semiconductor junction according to the embodiment 3,
in the same manner as the glass composition for protecting a
semiconductor junction according to the embodiment 1, even
in the manufacture of the semiconductor device where the
carrier recoupling center is decreased by annealing in the
manufacturing step of the semiconductor element (in the step
of'baking the glass composition for protecting a semiconduc-
tor junction) so that switching characteristic is liable to dete-
riorate (a fast recovery diode whose reverse recovery time trr
is liable to be prolonged, for example), the switching charac-
teristic hardly deteriorates in the manufacturing step of the
semiconductor element (in the step of baking the glass com-
position for protecting a semiconductor junction) thus
enabling the manufacture of the semiconductor device having
excellent switching characteristic.

In the above-mentioned case, according to the glass com-
position for protecting a semiconductor junction according to
the embodiment 3, in the same manner as the glass composi-
tion for protecting a semiconductor junction according to the
embodiment 1, in the manufacturing step of the semiconduc-
tor element (step of baking the glass composition for protect-
ing a semiconductor junction), the glass layer is hardly crys-
tallized thus enabling the manufacture of the semiconductor
device having a low reverse leakage current IR. In this case, it
is possible to manufacture a semiconductor device having a
low reverse leakage current IR in a stable manner even when
a background oxide film is not formed between the semicon-
ductor base body and the glass layer (see the embodiment 4
and the example 2 described later).

According to the glass composition for protecting a semi-
conductor junction according to the embodiment 3, the layer
made ofthe glass composition for protecting a semiconductor
junction which contains no filler is used as the glass compo-
sition for protecting a semiconductor junction and hence, in
forming the layer made of the glass composition for protect-
ing a semiconductor junction such that the layer covers the pn
junction, itis possible to uniformly form the layer made ofthe
glass composition for protecting a semiconductor junction.

The glass composition for protecting a semiconductor
junction according to the embodiment 3 has the substantially
same constitution as the glass composition for protecting a
semiconductor junction according to the embodiment 1



US 9,236,318 B1

17

except for the point that the glass composition for protecting
a semiconductor junction according to the embodiment 3
contains no ZrO,. Accordingly, the glass composition for
protecting a semiconductor junction according to the embodi-
ment 3 also has advantageous effects derived from the same
constitution out of the advantageous effects which the glass
composition for protecting a semiconductor junction accord-
ing to the embodiment 1 has.

The reason the content of ZnO, the content of SiO,, the
content of B,O;, the content of Al,O;, the content of an oxide
of an alkaline earth metal and the content of nickel oxide are
set to values which fall within the above-mentioned ranges is
substantially equal to the reason explained in conjunction
with the glass composition for protecting a semiconductor
junction according to the embodiment 1.

The reason the glass composition for protecting a semicon-
ductor junction according to the embodiment 3 contains no
ZrO, is that there is a case where the glass composition
sufficiently exhibits excellent chemical resistance even when
the glass composition contains no ZrO,.

The glass composition for protecting a semiconductor
junction according to the embodiment 3 can be manufactured
as follows. That is, glass raw materials (ZnO, SiO,, H,BO,,
Al O;, BaCO,, CaCO;, MgO and NiO) are prepared at the
above-mentioned composition ratio (molar ratio), these glass
raw materials are sufficiently mixed and stirred by a mixer
and, thereafter, the mixed glass raw material is put into a
platinum crucible, and is melted for a predetermined time at a
predetermined temperature (1250° C. to 1350° C., for
example) in an electric furnace. Then, the material in a molten
state is made to flow out from the crucible and is fed to
water-cooled rolls so that glass flakes in a flaky shape are
obtained. Thereafter, the glass flakes are pulverized by a ball
mill or the like until the glass flakes obtain a predetermined
average particle size thus obtaining the powdery glass com-
position.

In the same manner as the glass composition for protecting
a semiconductor junction according to the embodiment 1, the
glass composition for protecting a semiconductor junction
according to the embodiment 3 is also preferably applicable
to any one of a semiconductor element made of Si, a semi-
conductor element made of SiC and a semiconductor element
made of GaN.

Embodiment 4

The embodiment 4 relates to a method of manufacturing a
semiconductor device.

The method of manufacturing a semiconductor device
according to the embodiment 4 includes, in the following
order: a first step of preparing a semiconductor element which
includes a pn junction exposure portion where a pn junction is
exposed; and a second step of forming a glass layer such that
the glass layer covers the pn junction exposure portion. In the
second step, the glass layer is formed using the glass compo-
sition for protecting a semiconductor junction according to
the embodiment 1. The first step includes: a step of preparing
a semiconductor base body in which a pn junction arranged
parallel to a main surface of the semiconductor base body is
formed; and a step of forming trenches having a depth
exceeding the pn junction from a surface of a semiconductor
base body on a first main surface side thus forming a pn
junction exposure portion in the inside of the trench, and the
second step includes a step of forming the glass layer such
that the glass layer directly covers the pn junction exposure
portion in the inside of the trench.
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FIG. 1(a) to FIG. 1(d) and FIG. 2(a) to FIG. 2(d) are views
for explaining the method of manufacturing a semiconductor
device according to the embodiment 4. FI1G. 1(a) to FI1G. 1(d)
and FIG. 2(a) to FIG. 2(d) are views showing respective steps.

The method of manufacturing a semiconductor device
according to the embodiment 4 includes, as shown in FIG.
1(a) to FIG. 1(d) and FIG. 2(a) to FIG. 2(d), “semiconductor
base body forming step”, “trench forming step”, “heavy
metal diffusion step”, “glass layer forming step”, “glass pro-
tection film forming step”, “oxide film removing step”, “‘elec-
trode forming step” and “semiconductor base body cutting
step” in this order. Hereinafter, the method of manufacturing
a semiconductor device according to the embodiment 4 is
explained in the order of these steps.
(a) Semiconductor Base Body Forming Step

Firstly, an n* type semiconductor layer 114 is formed by
diffusion of an n type impurity from a surface of an n™ type
semiconductor layer (n~ type silicon substrate) 110 on a sec-
ond main surface side, and a p* type semiconductor layer 112
is formed by diffusion of a p type impurity from a surface of
the n~ type semiconductor layer 110 on a first main surface
side thus forming a semiconductor base body in which a pn
junction arranged parallel to a main surface of the semicon-
ductor base body is formed. It may be possible that an n™ type
semiconductor layer (n~ type epitaxial layer) is formed on an
n* type semiconductor layer (n* type silicon substrate) and,
thereafter, a p* type semiconductor layer is formed by diffu-
sion of a p type impurity from a surface of the n™ type semi-
conductor layer (n~ type epitaxial layer) thus forming a semi-
conductor base body in which a pn junction arranged parallel
to a main surface of the semiconductor base body is formed.
Thereafter, oxide films 116, 118 are formed by thermal oxi-
dation on a surface of the p* type semiconductor layer 112 and
a surface of the n* type semiconductor layer 114 respectively
(see FIG. 1(a)).
(b) Trench Forming Step

Next, predetermined opening portions are formed on the
oxide film 116 at predetermined positions by photo etching.

After etching the oxide film, subsequently, the semicon-
ductor base body is etched thus forming trenches 120 having
a depth exceeding the pn junction from the surface of the
semiconductor base body on the first main surface side (in this
case, the trenches 120 having a depth exceeding a boundary
surface between the n™ type semiconductor layer 110 and the
n* type semiconductor layer 114) (see FIG. 1(5)). Along with
such formation of the trenches, a pn junction exposure portion
A is formed on an inner surfaces of the trench.
(c) Heavy Metal Diffusion Step

Next, alayer 122 which constitutes a heavy metal diffusion
source is formed on a surface of the semiconductor base body
on a second main surface side in such a manner that the oxide
film 118 is removed from the surface of the semiconductor
base body on the second main surface side and, thereafter, the
layer made of heavy metal (Pt, for example) is formed on the
surface of the semiconductor base body on the second main
surface side by a sputtering method or by resolving heavy
metal (Pt, for example) in solution and applying the solution
to the surface of the semiconductor base body on the second
main surface side by spinning. Thereafter, heavy metal is
thermally diffused at a predetermined temperature so that the
carrier recoupling center is formed in the inside of the semi-
conductor base body (see FIG. 1(¢)). The heavy metal diffu-
sion step may be performed prior to the above-mentioned
trench forming step.
(d) Glass Layer Forming Step

Next, after removing the layer 122 which constitutes the
heavy metal diffusion source, a layer made of the glass com-



US 9,236,318 B1

19

position for protecting a semiconductor junction is formed on
an inner surfaces of the trench 120 and a surface of the
semiconductor base body in the vicinity of the trench 120 by
an electrophoresis method, and the layer made of the glass
composition for protecting a semiconductor junction is baked
so that a glass layer 126 for passivation is formed on a surface
of'the trench 120 (see FIG. 1(d)). Accordingly, the pn junction
exposure portion A in the inside of the trench 120 is brought
into a state where the pn junction exposure portion A is
directly covered with the glass layer 126. When the layer
made of the glass composition for protecting a semiconductor
junction is baked, an oxide film 124 is formed on a second
main surface side of the semiconductor base body.

(e) Glass Protection Film Forming Step

Next, a glass protection film (a glass protection film made
of'a pitch-based wax, for example) 128 is formed such that the
glass protection film 128 covers a surface of the glass layer
126 (see FIG. 2(a)). Due to the formation of the glass protec-
tion film 128, the glass layer 126 is not brought into contact
with a Ni plating solution in an electrode forming step
described later.

() Oxide Film Removing Step

Next, the oxide film 116 is etched using the glass protection
film 128 as a mask so that the oxide film 116 in an electrode
forming region 130 and the oxide film 124 formed on the
surface of the semiconductor substrate on the second main
surface side are removed (see FIG. 2()).

(g) Electrode forming step

Next, a Ni plating is applied to the semiconductor base
body thus forming an anode electrode 132 in the electrode
forming region 130 on the surface of the semiconductor base
body on the first main surface side and forming a cathode
electrode 134 on the surface of the semiconductor base body
on the second main surface side (see FIG. 2(¢)). The anode
electrode and the cathode electrode may be formed by a gas
phase method such as vapor deposition or sputtering in place
of Ni plating.

(h) Semiconductor base body cutting step

Next, the semiconductor base body is cut by dicing or the
like at a center portion of the glass layer 126 thus dividing the
semiconductor base body into a plurality of chips whereby
mesa semiconductor devices (pn diodes) 100 are manufac-
tured (see FIG. 2(d)).

In the above-mentioned manner, it is possible to manufac-
ture the mesa semiconductor device 100 having high reliabil-
ity, an excellent switching characteristic, and a low reverse
leakage current IR (the semiconductor device 100 according
to the embodiment 4).

Embodiment 5

The embodiment 5 relates to a method of manufacturing a
semiconductor device.

In the same manner as the method of manufacturing a
semiconductor device according to the embodiment 4, the
method of manufacturing a semiconductor device according
to the embodiment 5 includes, in the following order: a first
step of preparing a semiconductor element which includes a
pn junction exposure portion where a pn junction is exposed;
and a second step of forming a glass layer such that the glass
layer covers the pn junction exposure portion. In the second
step, different from the method of manufacturing a semicon-
ductor device according to the embodiment 4, the glass layer
is formed such that the glass layer covers the pn junction
exposure portion with an insulation layer interposed therebe-
tween.
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FIG. 3(a) to FIG. 3(d) and FIG. 4(a) to FIG. 4(d) are views
for explaining the method of manufacturing a semiconductor
device according to the embodiment 5. FI1G. 3(a) to FIG. 3(d)
and FIG. 4(a) to FIG. 4(d) are views showing respective steps.

The method of manufacturing a semiconductor device
according to the embodiment 5 includes, as shown in FIG.
3(a) to FIG. 3(d) and FIG. 4(a) to FIG. 4(d), “semiconductor
base body forming step”, “trench forming step”, “insulation
layer forming step”, “heavy metal diffusion step”, “glass
layer forming step”, “glass protection film forming step”,
“oxide film removing step”, “electrode forming step”, and
“semiconductor base body cutting step” in this order. Here-
inafter, the method of manufacturing a semiconductor device
according to the embodiment 5 is explained in the order of
these steps.
(a) Semiconductor base body forming step

Firstly, an n* type semiconductor layer 114 is formed by
diffusion of an n type impurity from a surface of an n™ type
semiconductor layer (n~ type silicon substrate) 110 on a sec-
ond main surface side, and a p* type semiconductor layer 112
is formed by diffusion of a p type impurity from a surface of
the n~ type semiconductor layer 110 on a first main surface
side thus forming a semiconductor base body in which a pn
junction arranged parallel to a main surface of the semicon-
ductor base body is formed. It may be possible that an n™ type
semiconductor layer (n~ type epitaxial layer) is formed on an
n* type semiconductor layer (n* type silicon substrate) and,
thereafter, a p* type semiconductor layer is formed by diffu-
sion of a p type impurity from a surface of the n™ type semi-
conductor layer (n~ type epitaxial layer) thus forming a semi-
conductor base body in which a pn junction arranged parallel
to a main surface of the semiconductor base body is formed.
Thereafter, oxide films 116, 118 are formed by thermal oxi-
dation ona surface of the p* type semiconductor layer 112 and
a surface of the n* type semiconductor layer 114 respectively.
(b) Trench Forming Step

Next, predetermined opening portions are formed on the
oxide film 116 at predetermined positions by photo etching.
After etching the oxide film, subsequently, the semiconductor
base body is etched thus forming trenches 120 having a depth
exceeding the pn junction from the surface of the semicon-
ductor base body on the first main surface side (in this case,
the trenches 120 having a depth exceeding a boundary surface
between the n~ type semiconductor layer 110 and the n™ type
semiconductor layer 114) (see FIG. 3(a)). Along with such
formation of the trenches, a pn junction exposure portion A is
formed on an inner surfaces of the trench.
(c) Insulation Layer Forming Step

Next, an insulation layer 136 formed of a silicon oxide film
is formed on an inner surfaces of the trench 120 by a thermal
oxidation method using dry oxygen (DryO,) (see FIG. 3(5)).
A thickness of the insulation layer is set to a value which falls
within a range of from 5 nm to 60 nm (20 nm, for example).
The insulation layer is formed such that a semiconductor
substrate is introduced into a diffusion furnace and, thereaf-
ter, thermal oxidation treatment is performed at a temperature
01'900° C. for 10 minutes while supplying an oxygen gas into
the diffusion furnace. When the thickness of the insulation
layer 136 is less than 5 nm, there is a case where a reverse
current reduction effect cannot be acquired. On the other
hand, when the thickness of the insulation layer 136 exceeds
60 nm, there may be a case where a layer made of a glass
composition cannot be formed by an electrophoresis method
in a next glass layer forming step.
(d) Heavy metal diffusion step

Next, alayer 122 which constitutes a heavy metal diffusion
source is formed on a surface of the semiconductor base body
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on a second main surface side in such a manner that the oxide
film 118 is removed from the surface of the semiconductor
base body on the second main surface side and, thereafter, the
layer made of heavy metal (Pt, for example) is formed on the
surface of the semiconductor base body on the second main
surface side by a sputtering method or by resolving heavy
metal (Pt, for example) in solution and applying the solution
to the surface of the semiconductor base body on the second
main surface side by spinning. Thereafter, heavy metal is
thermally diffused at a predetermined temperature so that the
carrier recoupling center is formed in the inside of the semi-
conductor base body (see FIG. 3(¢)). The heavy metal diffu-
sion step may be performed prior to the above-mentioned
insulation layer forming step or trench forming step.

(e) Glass Layer Forming Step

Next, after removing the layer 122 which constitutes the
heavy metal diffusion source, a layer made of the glass com-
position for protecting a semiconductor junction is formed on
an inner surfaces of the trench 120 and a surface of the
semiconductor base body in the vicinity of the trench 120 by
an electrophoresis method, and the layer made of the glass
composition for protecting a semiconductor junction is baked
so that a glass layer 126 for passivation is formed on a surface
of'the trench 120 (see FIG. 3(d)). Accordingly, the pn junction
exposure portion A in the inside of the trench 120 is brought
into a state where the pn junction exposure portion A is
covered with the glass layer 126 with the insulation layer 136
interposed therebetween. Here, when the layer made of the
glass composition for protecting a semiconductor junction is
baked, an oxide film 124 is formed on a second main surface
side of the semiconductor base body.

(®) Glass Protection Film Forming Step

Next, a glass protection film (a glass protection film made
of'a pitch-based wax, for example) 128 is formed such that the
glass protection film 128 covers a surface of the glass layer
126 (see FIG. 4(a)). Due to the formation of the glass protec-
tion film 128, the glass layer 126 is not brought into contact
with a Ni plating solution in an electrode forming step
described later.

(g) Oxide Film Removing Step

Next, the oxide film 116 is etched using the glass protection
film 128 as a mask so that the oxide film 116 formed in an
electrode forming region 130 and the oxide film 124 formed
on the surface of the semiconductor substrate on the second
main surface side are removed (see FIG. 4(5)).

(h) Electrode Forming Step

Next, a Ni plating is applied to the semiconductor base
body thus forming an anode electrode 132 in the electrode
forming region 130 on the surface of the semiconductor base
body on the first main surface side and forming a cathode
electrode 134 on the surface of the semiconductor base body
on the second main surface side (see FIG. 4(¢)). The anode
electrode and the cathode electrode may be formed by a gas
phase method such as vapor deposition or sputtering in place
of Ni plating.

(1) Semiconductor Base Body Cutting Step

Next, the semiconductor base body is cut by dicing or the
like at a center portion of the glass layer 126 thus dividing the
semiconductor base body into a plurality of chips whereby
mesa semiconductor devices (pn diodes) 102 are manufac-
tured (see FIG. 4(d)).

In the above-mentioned manner, it is possible to manufac-
ture a mesa semiconductor device 102 having high reliability,
an excellent switching characteristic, and a low reverse leak-
age current IR (the semiconductor device 102 according to
the embodiment 5).
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Embodiment 6

The embodiment 6 relates to a method of manufacturing a
semiconductor device.

In the same manner as the method of manufacturing a
semiconductor device according to the embodiment 4, the
method of manufacturing a semiconductor device according
to the embodiment 6 includes, in the following order: a first
step of preparing a semiconductor element which includes a
pn junction exposure portion where a pn junction is exposed;
and a second step of forming a glass layer such that the glass
layer covers the pn junction exposure portion. In the second
step, the glass layer is formed using the glass composition for
protecting a semiconductor junction according to the embodi-
ment 1. However, different from the method of manufacturing
asemiconductor device according to the embodiment 4, in the
embodiment 6, the first step includes a step of forming a pn
junction exposure portion on a surface of a semiconductor
base body, and the second step includes a step of forming the
glass layer such that the glass layer covers the pn junction
exposure portion on the surface of the semiconductor base
body.

FIG. 5(a) to FIG. 5(d) and FIG. 6(a) to FIG. 6(c) are views
for explaining the method of manufacturing a semiconductor
device according to the embodiment 6. FI1G. 5(a) to F1G. 5(d)
and FIG. 6(a)to FIG. 6(c) are views showing respective steps.

In the method of manufacturing the semiconductor device
according to the embodiment 6, as shown in FIG. 5(a) to FIG.
5(d) and FIG. 6(a) to FIG. 6(c), “semiconductor base body
preparing step”, “p* type semiconductor layer forming step”,
“n* type semiconductor layer forming step”, “heavy metal
diffusion step”, “glass layer forming step”, “glass layer etch-
ing step”, “electrode forming step” and “semiconductor base
body cutting step” are carried out in this order. Hereinafter,
the method of manufacturing a semiconductor device accord-
ing to the embodiment 6 is explained in the order of these
steps.

(a) Semiconductor Base Body Preparing Step

Firstly, a semiconductor base body where an n~ type semi-
conductor layer (n~ type epitaxial layer) 212 is laminated on
ann* type semiconductor layer (n* type silicon substrate) 210
is prepared (see FIG. 5(a)).

(b) p* Type Semiconductor Layer Forming Step

Next, after forming a mask M1 on the n type semiconduc-
tor layer 212, a p type impurity (boron ion, for example) is
implanted into a predetermined region on a surface of the n™
type semiconductor layer 212 by an ion implantation method
using the mask M1. Then, a p* type semiconductor layer 214
is formed by thermal diffusion (see FIG. 5(5)).

(c) n* Type Semiconductor Layer Forming Step

Next, the mask M1 is removed from the n™ type semicon-
ductor layer 212 and a mask M2 is formed on the n~ type
semiconductor layer 212. Thereafter, an n type impurity (ar-
senic ion, for example) is implanted into a predetermined
region on the surface of the n~ type semiconductor layer 212
by an ion implantation method using the mask M2. Then, an
n™* type semiconductor layer 216 is formed by thermal diffu-
sion (see FIG. 5(c)).

(d) Heavy Metal Diffusion Step

Next, a layer 218 which constitutes a heavy metal diffusion
source is formed on a surface of the semiconductor base body
on a second main surface side in such a manner that the mask
M2 is removed and, thereafter, the layer made of heavy metal
(Pt, for example) is formed on the surface of the semiconduc-
tor base body on the second main surface side by a sputtering
method or by resolving heavy metal (Pt, for example) in
solution and applying the solution to the surface of the semi-
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conductor base body on the second main surface side by
spinning. Thereafter, heavy metal is thermally diffused at a
predetermined temperature so that the carrier recoupling cen-
ter is formed in the inside of the semiconductor base body (see
FIG. 5(d)).
(e) Glass Layer Forming Step

Next, after removing the layer 218 which constitutes the
heavy metal diffusion source, a layer made of the glass com-
position for protecting a semiconductor junction is formed on
a surface of the n~ type semiconductor layer 212 using a paste
obtained by mixing the glass composition for protecting a
semiconductor junction according to the embodiment 1 and
an organic binder by a spin coating method. Thereafter, the
layer made of the glass composition for protecting a semi-
conductor junction is baked thus forming a glass layer 220 for
passivation (see FIG. 6(a)).
() Glass Layer Etching Step

Next, after forming a mask M3 in a predetermined region
on the surface of the glass layer 220, the glass layer is etched
(see FIG. 6(b)). Due to such etching, the glass layer 220 is
formed in the predetermined region on the surface of the n~
type semiconductor layer 212.
(g) Electrode Forming Step

Next, the mask M3 is removed from the surface ofthe glass
layer 220 and, thereafter, an anode electrode 222 is formed in
a region on the surface of the semiconductor base body sur-
rounded by the glass layer 220, and a cathode electrode 224 is
formed on a back surface ofthe semiconductor base body (see
FIG. 6(¢)).
(h) Semiconductor Base Body Cutting Step

Next, the semiconductor base body is cut by dicing or the
like thus dividing the semiconductor base body into a plural-
ity of chips whereby semiconductor devices (planar-type pn
diodes) 200 are manufactured (not shown in the drawing).

In the above-mentioned manner, it is possible to manufac-
ture a planar-type semiconductor device 200 having high
reliability (the semiconductor device according to the
embodiment 6).

Embodiment 7

The embodiment 7 relates to a method of manufacturing a
semiconductor device.

In the same manner as the method of manufacturing a
semiconductor device according to the embodiment 6, the
method of manufacturing a semiconductor device according
to the embodiment 7 includes, in the following order: a first
step of preparing a semiconductor element which includes a
pn junction exposure portion where a pn junction is exposed;
and a second step of forming a glass layer such that the glass
layer covers the pn junction exposure portion. In the second
step, the glass layer is formed using the glass composition for
protecting a semiconductor junction according to the embodi-
ment 1. However, different from the method of manufacturing
a semiconductor device according to the embodiment 6, in the
embodiment 7, a semiconductor base body made of SiC is
used in place of a semiconductor base body made of Si as the
semiconductor base body.

FIG. 7(a) to FIG. 10 (c¢) are views for explaining the
method of manufacturing a semiconductor device according
to the embodiment 7. FIG. 7(a) to FIG. 7(c), FIG. 8 (a) to F1IG.
8(c), FIG. 9(a) to FIG. 9(c) and FIG. 10(a) to FIG. 10(c) are
views showing respective steps.

In the method of manufacturing the semiconductor device
according to the embodiment 7, as shown in FIG. 7(a) to FIG.
10(c), “semiconductor base body preparing step”, “guard ring
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Ni ohmic layer forming step”, “glass layer forming step”,
“glass layer etching step”, “barrier metal layer and anode
electrode layer forming step”, “cathode electrode layer form-
ing step” and “semiconductor base body cutting step” are
carried out in this order. Hereinafter, the method of manufac-
turing a semiconductor device according to the embodiment 7
is explained in the order of these steps.
(a) Semiconductor Base Body Preparing Step

A semiconductor base body 310 which is constituted of: an
n' type semiconductor layer (n' type silicon carbide single
crystal substrate) 312 (thickness: 400 um, impurity (nitrogen)
concentration: 1x10*° cm™); and an n~ type semiconductor
layer (n™ type epitaxial layer/drift layer) 314 (thickness: 5 pum,
impurity (nitrogen) concentration: 5x10*® cm=*)made of sili-
con carbide and formed on an upper surface of the n* type
semiconductor layer 312 is prepared (see FIG. 7(a)).
(b) Guard Ring Layer Forming Step

Next, a surface of the semiconductor base body 310 is
cleaned and, thereafter, a silicon oxide mask M4 having an
opening at a portion corresponding to a guard ring layer 316
is formed on a surface ofthe n™ type semiconductor layer 314.
Then, aluminum ions which constitute p type impurities are
implanted into predetermined portion of the n™ type semicon-
ductor layer 314 using the silicon oxide mask M4 thus form-
ing a p type impurity introduced layer 315 (depth: 0.7 pm, p
type impurity concentration: 1x10'7 cm™) (see FIG. 7(b)).
Aluminum ions are implanted such that aluminum ions are
implanted into the surface of the n™ type semiconductor layer
314 in multiple stages with different energies (30 kev, 60
kev, . . ., 700 kev). In the guard ring layer forming step,
aluminum ions may be implanted under a condition where a
thin silicon oxide film or the like is present in the opening
formed in the mask M4.
(c) Impurity Activation Annealing Step

Next, the mask M4 is removed and, thereafter, a protective
resist layer M5 is formed on the surface (first main surface)
and a back surface (second main surface) of the semiconduc-
tor base body 310 respectively (see FIG. 7(¢)), and the semi-
conductor base body 310 is heated to a temperature of 1600°
C. or above so as to activate p-type impurities. Then, the
surface and back surface of the semiconductor base body 310
which are made coarse in this step (see FIG. 8(a)) are subject
to sacrificial oxidation in an oXygen atmosphere at a tempera-
ture of 1000° C. or above so that a sacrificial oxide film 318 is
formed (see FIG. 8(5)).
(d) Back Surface Ni Ohmic Layer Forming Step

Next, the sacrificial oxide film 318 on the back surface of
the semiconductor base body 310 is removed and, thereafter,
a nickel layer (thickness: 50 nm) is formed on the back sur-
face of the semiconductor base body 310. Then, the semicon-
ductor base body 310 is annealed at a temperature of 950° C.
thus forming a Ni ohmic layer 320 on the back surface of the
semiconductor base body 310 (see FIG. 8(¢)).
(e) Glass Layer Forming Step

Next, after removing the sacrificial oxide film 318 formed
on the surface of the semiconductor base body 310 (see FIG.
9(a)), a layer made of the glass composition for protecting a
semiconductor junction is formed on a surface of the semi-
conductor base body 310 using a paste obtained by mixing the
glass composition for protecting a semiconductor junction
according to the embodiment 1 and an organic binder by a
spin coating method. Then, the layer made of the glass com-
position for protecting a semiconductor junction is baked thus
forming a glass layer 322 for passivation (see FIG. 9(b)).
(f) Glass Layer Etching Step

Next, after forming a mask M6 on the surface of the glass
layer 322, the glass layer 322 is etched (see FIG. 9(¢)). Due to
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such etching, the glass layer 322 is formed in a predetermined
region on the surface of the semiconductor base body 310 (see
FIG. 10(a)).

(g) Barrier Metal Layer and Anode Electrode Layer Forming
Step

Then, on the surface of the semiconductor base body 310,
atitanium layer (100 nm) which constitutes barrier metal and
an aluminum layer (2000 nm) which constitutes a surface
electrode are sequentially formed by vapor deposition and,
thereafter, etching is performed thus forming a barrier metal
layer 324 and an anode electrode layer 326 (see FIG. 10(5)).
(h) Cathode Electrode Layer Forming Step

Then, a cathode electrode layer 328 which is a lamination
film formed by laminating a titanium layer, a nickel layer and
a silver layer to each other is formed on the back surface of the
semiconductor base body 310.

(1) Semiconductor Base Body Cutting Step

Then, the semiconductor base body is cut by dicing or the
like thus dividing the semiconductor base body into a plural-
ity of chips whereby semiconductor devices (planar-type
Schottky-barrier diodes) 300 are manufactured (see FIG.
10(c)).

In the above-mentioned manner, it is possible to manufac-
ture a planar-type semiconductor device 300 having high
reliability (the semiconductor device according to the
embodiment 7).

EXAMPLES
1. Preparation of Specimens

FIG. 11 is a table showing conditions and results of
examples. Glass raw materials are prepared to have compo-
sition ratios indicated in examples 1 to 6 and comparison
examples 1 and 2 (see FIG. 11). The glass raw materials are
sufficiently mixed by a mixer and, thereafter, the mixed glass
raw material is put into a platinum crucible and is melted in an
electric furnace for two hours at a predetermined temperature
(examples 1to 6: 1250° C. to 1350° C., comparison examples
1 and 2: 1500° C. to 1550° C.). Then, the material in a molten
state is made to flow out from the crucible and is fed to
water-cooled rolls so that glass flakes in a flaky shape are
obtained. The glass flakes are pulverized by a ball mill until
the glass flakes obtain an average particle size of 5 um thus
producing powdery glass composition.

The glass raw materials used in the examples are ZnO,
Si0,, H;BO;, Al,O;, BaCO,, CaCO;, MgO, ZrO,, NiO and
PbO.

2. Evaluation

The respective glass compositions obtained by the above-
mentioned methods are evaluated by the following evaluation
aspects.

(1) Evaluation Aspect 1 (Environmental Burden)

The object of the present invention lies in that a semicon-
ductor device having high reliability can be manufactured by
using a glass material which contains no lead in the same
manner as the conventional case where “a glass material
containing lead silicate as a main component” is used and
hence, the score “good” is given when the glass composition
contains no lead component, and the score “bad” is given
when the glass composition contains a lead component.

(2) Evaluation Aspect 2 (Baking Temperature)

When the baking temperature is excessively high, there is
atendency that areverse leakage current IR is increased along
with the increase of a reverse recovery time trr. Accordingly,
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the score “good” is given when the baking temperature is
equal to or below 760° C., the score “fair” is given when the
baking temperature falls within a range of from 760° C. to
1100° C., and the score “bad” is given when the baking
temperature exceeds 1100° C.

(3) Evaluation Aspect 3 (Chemical Resistance)

The score “good” is given when the glass composition
exhibits insolubility to both aqua regia and plating solution,
the score “fair” is given when the glass composition exhibits
slight solubility to at least one of aqua regia and plating
solution, and the score “bad” is given when the glass compo-
sition exhibits solubility to at least one of aqua regia and
plating solution.

In the cases of the glass compositions for protecting a
semiconductor junction according to the examples 1 to 6,
each glass composition contains ZnO at high concentration so
that the glass composition is slightly dissolved in Ni plating
solution. Accordingly, the score “fair” is given with respect to
the glass compositions for protecting a semiconductor junc-
tion according to the examples 1 to 6. However, even in these
cases, by performing the Ni plating in a state where the glass
protection film is formed so as to cover a surface of the glass
layer, the glass layer is not brought into contact with the Ni
plating solution and hence, there arises no serious problem.
(4) Evaluation Aspect 4 (Presence or Non-Presence of Crys-
tallization)

A semiconductor device (pn diode) is manufactured by a
method substantially equal to the method of manufacturing a
semiconductor device according to the embodiment 4. As a
result of the manufacture, the score “good” is given when the
vitrification is achieved without causing crystallization in the
step of vitrification of a layer made of a glass composition,
and the score “bad” is given when the vitrification is not
achieved due to crystallization in the step of vitrification of
the layer made of the glass composition.

(5) Evaluation Aspect 5 (Presence or Non-Presence of Gen-
eration of Bubbles)

A semiconductor device (pn diode) is manufactured by a
method substantially equal to the method of manufacturing a
semiconductor device according to the embodiment 4, and
the observation is made whether or not bubbles are generated
in the inside of the glass layer 126 (particularly, in the vicinity
of a boundary surface between the glass layer 126 and the
silicon substrate) in the step of vitrification (preliminary
evaluation). Further, layers made of the glass compositions
for protecting a semiconductor junction are formed on silicon
substrates each having a size of 10 mm square respectively by
applying by coating the glass compositions for protecting a
semiconductor junction according to the examples 1 to 6 and
the comparison examples 1 and 2, and the layers made of the
glass compositions for protecting a semiconductor junction
are baked thus forming the glass layers. Then, the observation
is made whether or not bubbles are generated in the inside of
the glass layers (particularly, in the vicinity of the boundary
surface between the glass layer and the semiconductor base
body) (subsequent evaluation).

FI1G.12(a) and FIG. 12 (b) are views for explaining bubbles
b generated in the inside of the glass layer 126 in the prelimi-
nary evaluation. FIG. 12(a) is a cross-sectional view of a
semiconductor device when no bubbles bare generated, while
FIG. 12(b) is a cross-sectional view of a semiconductor
device when the bubbles b are generated. FIG. 13(a) and FIG.
13(b) are photographs for explaining the bubbles b generated
in the inside of the glass layer 126 in the subsequent evalua-
tion. FIG. 13(a) is a photograph showing a boundary surface
between the semiconductor base body and the glass layer
when no bubbles are generated in an enlarged manner, while
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FIG. 13(b) is a photograph showing a boundary surface
between the semiconductor base body and the glass layer
when the bubbles are generated in an enlarged manner. As a
result of the experiment, it is found that there is favorable
correlation between the result of the preliminary evaluation
and the result of the evaluation of the present invention. In the
subsequent evaluation, the score “good” is given when no
bubble having a diameter of 50 um or more is generated in the
inside of the glass layer, the score “fair” is given when one to
twenty bubbles having a diameter of 50 mm or more are
generated in the inside of the glass layer, and the score “bad”
is given when twenty one or more bubbles having a diameter
of'50 um or more are generated in the inside of the glass layer.

In the case of the glass composition for protecting a semi-
conductor junction according to the example 1, the glass
composition contains no nickel oxide so that a slight amount
of bubbles is generated whereby the score “fair” is given.
However, even in the case where the glass composition con-
tains no nickel oxide, by manufacturing a semiconductor
device by a method substantially equal to the method of
manufacturing a semiconductor device according to the
embodiment 5 (that is, the method of manufacturing a semi-
conductor device where a glass layer is formed on a pn junc-
tion surface with an insulation layer interposed therebe-
tween), no bubbles are generated.

(6) Evaluation Aspect 6 (Reverse Leakage Current)

A semiconductor device (pn diode) is prepared by a
method substantially equal to the method of manufacturing a
semiconductor device according to the embodiment 4, and a
reverse characteristic of the prepared semiconductor device is
measured. FIG. 14 is a graph showing a reverse leakage
current in the semiconductor device which is prepared using
the glass composition for protecting a semiconductor junc-
tion according to the example 3. As the result of the measure-
ment, the score “good” is given in the case where a reverse
leakage current is 1 pA or less when a reverse voltage VR of
200V is applied, while the score “bad” is given in the case
where the reverse leakage current exceeds 1 pA when the
reverse voltage VR of 200V is applied.

(7) Evaluation Aspect 7 (Reverse Recovery Time TRR)

Semiconductor devices (pn diodes) are prepared by a
method substantially equal to the method of manufacturing a
semiconductor device according to the embodiment 4 using
the glass composition for protecting a semiconductor junc-
tion of the example 4 and the glass composition for protecting
a semiconductor junction of the comparison example 1, and a
reverse recovery time trr are measured. The baking condition
of'the glass layer is set such that the glass layer is baked at a
temperature of 720° C. for 15 minutes when the glass com-
position for protecting a semiconductor junction according to
the example 4 is used, and the glass layer is baked at a
temperature of 870° C. for 15 minutes when the glass com-
position for protecting a semiconductor junction according to
the comparison example 1 is used.

FIG. 15 is a graph for explaining a method of measuring a
reverse recovery time trr. The measurement of the reverse
recovery time is performed such that, as shown in FIG. 15, a
drive voltage is applied to a semiconductor device under a
condition that a reverse current of 100 mA flows at maximum
when the semiconductor device is turned off (reverse voltage
VR=50V) from an ON state where a forward current of 100
mA is supplied to the semiconductor device. That is, as shown
in FIG. 15, the reverse recovery time trr is measured as a time
from a point of time that the forward current IF is dropped to
0 mA after the semiconductor device is turned off to a point of
time that a reverse current IR is attenuated to a value which is
10% of a maximum value (90% recovery time).
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As a result of the measurement, it is found that while the
reverse recovery time trr is 43.6 ns when the glass composi-
tion for protecting a semiconductor junction according to the
comparison example 1 is used, the reverse recovery time trr is
39.6 ns when the glass composition for protecting a semicon-
ductor junction according to the example 4 is used. That is, it
is found that the reverse recovery time trr when the glass
composition for protecting a semiconductor junction accord-
ing to the example 4 is used is shorter than the reverse recov-
ery time trr when the glass composition for protecting a
semiconductor junction according to the comparison
example 1 is used by approximately 10%. Based on this
result, the score “good” is given to the glass composition for
protecting a semiconductor junction according to the
example 4, and the score “fair” is given to the glass compo-
sition for protecting a semiconductor junction according to
the comparison example 1. This result implies that with the
use of the glass composition for protecting a semiconductor
junction according to the example 4, a baking temperature
can be lowered and hence, the carrier recoupling center is
hardly decreased by annealing in baking a layer made of the
glass composition for protecting a semiconductor junction.
(8) Comprehensive Evaluation
(8-1) Comprehensive Evaluation 1

The score “good” is given when the score “good” is given
with respect to all of the above-mentioned evaluation aspects
11to 7. The score “fair” is given when the score “fair” is given
with respect to at least one of the above-mentioned evaluation
aspects 1to 7. The score “bad” is given when the score “bad”
is given with respect to at least one of the above-mentioned
evaluation aspects 1 to 7.

(8-2) Comprehensive Evaluation 2

With respect to the evaluation aspect 3 (chemical resis-
tance), when the Ni plating is performed in a state where the
glass protection film is formed so as to cover the surface of the
glass layer, the glass layer is not brought into contact with the
Ni plating solution and hence, no serious problem arises.
Accordingly, by taking into account this fact, the glass com-
positions for protecting a semiconductor junction according
to the examples 2 to 6 have no problem with respect to all
evaluation aspects and hence, the score “good” is given with
respect to the glass compositions for protecting a semicon-
ductor junction according to the examples 2 to 6.

(8-3) Comprehensive Evaluation 3

In the same manner as the above-mentioned comprehen-
sive evaluation 2, with respect to the evaluation aspect 3
(chemical resistance), when the Ni plating is performed in a
state where the glass protection film is formed so as to cover
the surface of the glass layer, the glass layer is not brought into
contact with the Ni plating solution and hence, no serious
problem arises. Also with respect to the evaluation aspect 6
(generation of bubbles), when a semiconductor device is
manufactured by a method substantially equal to the method
of manufacturing a semiconductor device according to the
embodiment 5, no bubbles are generated. Accordingly, by
taking into account this fact, the glass compositions for pro-
tecting a semiconductor junction according to the examples 1
to 6 have no problem with respect to all evaluation aspects and
hence, the score “good” is given with respect to the glass
compositions for protecting a semiconductor junction
according to the examples 1 to 6.

3. Evaluation Result

As can be understood also from FIG. 11, with respect to the
glass composition according to the comparison example 1,
the score “fair” is given with respect to the evaluation aspects
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2 and 7 and the score “fair” is given with respect to all
comprehensive evaluations 1 to 3. With respect to the glass
composition according to the comparison example 2, the
score “bad” is given with respect to the evaluation aspect 1
and the score “fair” is given with respect to the evaluation
aspect 2 so that the score “bad” is given with respect to the
comprehensive evaluation.

To the contrary, with respect to the glass compositions for
protecting a semiconductor junction according to the
examples 2 to 6, although the score “fair” is given with respect
to the evaluation aspect 3 (accordingly, the score “fair” is
given with respect to the comprehensive evaluation 1), the
score “good” is given with respect to the evaluation aspects
other than the evaluation aspect 3. In view of the above, it is
found that, with respect to the glass composition for protect-
ing a semiconductor junction according to the examples 2 to
6, provided that a semiconductor device is manufactured
under a condition that a glass protection film is used in etching
the oxide film, the semiconductor device can be manufac-
tured with no problem (accordingly, the score “good” is given
with respect to the comprehensive evaluation 2).

Further, with respect to the glass composition for protect-
ing a semiconductor junction according to the example 1,
although the score “fair” is given with respect to the evalua-
tionaspects 3 and 5 (accordingly, the score “fair” is given with
respect to the comprehensive evaluation 1), the score “good”
is given with respect to the evaluation aspects other than the
evaluation aspects 3 and 5. In view of the above, it is found
that, with respect to the glass composition for protecting a
semiconductor junction according to the example 1, provided
that a semiconductor device is manufactured under condi-
tions that a glass protection film is used in etching the oxide
film and a glass layer is formed on a pn junction surface with
an insulation layer interposed therebetween, the semiconduc-
tor device can be manufactured with no problem (accord-
ingly, the score “good” is given with respect to the compre-
hensive evaluation 3).

Although the glass composition for protecting a semicon-
ductor junction, the method of manufacturing a semiconduc-
tor device and such a semiconductor device according to the
present invention have been explained heretofore in conjunc-
tion with the above-mentioned embodiments, the present
invention is not limited to the above-mentioned embodi-
ments, and can be carried out without departing from the gist
of the present invention. For example, the following modifi-
cations are conceivable.

(1) In the above-mentioned embodiments 4 to 6, examples
where the present invention is applied to the method of manu-
facturing a semiconductor device which uses a semiconduc-
tor base body made of Si are explained and, in the embodi-
ment 7, an example where the present invention is applied to
the method of manufacturing a semiconductor device which
uses a semiconductor base body made of SiC is explained.
However, the present invention is not limited to such
examples. The present invention is also applicable to a
method of manufacturing a semiconductor device which uses
a semiconductor base body made of GaN.

(2) Inthe above-mentioned embodiments 1 and 3, although
nickel oxide is used as a defoaming agent, the present inven-
tion is not limited to nickel oxide. In place of nickel oxide,
copper oxide, manganese oxide or zirconium oxide may be
used, for example.

(3) Although the present invention relates to “the glass
composition for protecting a semiconductor junction which
substantially contains none of Pb, As, Sb, Li, Na and K”, the
present invention also includes “a glass composition for pro-
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tecting a semiconductor junction which substantially con-
tains none of Pb, P, As, Sb, Li, Na and K”.

(4) In the above-mentioned embodiments 4 and 5, although
the layer made of the glass composition for protecting a
semiconductor junction is formed by the electrophoresis
method in the glass layer forming step, the present invention
is not limited to such a method. The layer made of the glass
composition for protecting a semiconductor junction may be
formed by a spin coating method, a screen printing method or
adoctor blade method. In this case, the layer made of the glass
composition for protecting a semiconductor junction is
formed using a paste obtained by mixing the glass composi-
tion for protecting a semiconductor junction according to the
embodiment 1 and an organic binder as the glass composition
for protecting a semiconductor junction.

(5) In the above-mentioned embodiments 6 and 7, although
the layer made of the glass composition for protecting a
semiconductor junction is formed by the spin coating method
in the glass layer forming step, the present invention is not
limited to such a method. The layer made of the glass com-
position for protecting a semiconductor junction may be
formed by a screen printing method or a doctor blade method.
Further, the layer made of the glass composition for protect-
ing a semiconductor junction may be formed by the electro-
phoresis method. In the latter case, the layer made of the glass
composition for protecting a semiconductor junction is
formed using the glass composition for protecting a semicon-
ductor junction according to the embodiment 1 as the glass
composition for protecting a semiconductor junction without
mixing the glass composition for protecting a semiconductor
junction according to the embodiment 1 with the organic
binder.

(6) In the above-mentioned respective embodiments, the
present invention has been explained by taking the diode (the
mesa-type pn diode, the planar-type pn diode or the planar-
type Schottky-barrier diode) as an example. However, the
present invention is not limited to such examples. The present
invention is also applicable to any kinds of semiconductor
devices where a pn junction is exposed (thyristors, power
MOSFETs, IGBTs and the like, for example).

EXPLANATION OF SYMBOLS

100, 102, 200, 300, 900: semiconductor device, 110,910: n~
type semiconductor layer, 112, 912: p type semiconductor
layer, 114, 914: n* type semiconductor layer, 116, 118,
124, 916, 918, 924: oxide film, 120, 920: trench, 122, 922:
film constituting heavy metal diffusion source, 126, 926:
glass layer, 128, 928: glass protection film, 130, 930: elec-
trode forming region, 132, 932: anode electrode, 134, 934:
cathode electrode, 136: insulation layer, 210: n* type semi-
conductor layer, 212: n~ type semiconductor layer, 214: p*
type semiconductor layer, 216: n* type semiconductor
region, 218: film constituting heavy metal diffusion source,
220: glass layer, 222: anode electrode layer, 224: cathode
electrode layer, 310: semiconductor base body, 312: n*
type semiconductor layer, 314: n~ type semiconductor
layer, 316: guard ring layer, 318: sacrificial oxide film, 320:
Ni ohmic layer, 322: glass layer, 324: barrier metal layer,
326: anode electrode layer, 328: cathode electrode layer,
M1,M2.M3,M4,M6: mask, M5: protective resist
The invention claimed is:

1. A method of manufacturing a semiconductor device
comprising, in the following order:
a first step of preparing a semiconductor element having a
pn junction exposure portion where a pn junction is
exposed; and
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a second step of forming a glass layer such that the glass
layer covers the pn junction exposure portion, wherein

in the second step, the glass layer is formed using a glass
composition for protecting a semiconductor junction
made of fine glass particles prepared from a material in
a molten state obtained by melting a glass raw material
which contains at least ZnO, SiO,, B,0;, Al,0; and at
least two oxides of alkaline earth metals selected from a
group consisting of BaO, CaO and MgO with the fol-
lowing contents and substantially contains none of Pb,
As, Sb, Li, Na and K, the glass composition for protect-
ing a semiconductor junction containing no filler.

Zn0O: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0Oj5: 5 mol % to 30 mol %

AL O;: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %.

2. The method of manufacturing a semiconductor device
according to claim 1, wherein the second step comprises a
step of forming an insulation film on the pn junction exposure
portion, and a step of forming the glass layer such that the
glass layer covers the pn junction exposure portion with the
insulation film interposed therebetween.

3. A semiconductor device comprising:

a semiconductor element having a pn junction exposure

portion where a pn junction is exposed; and

a glass layer which is formed such that the glass layer

covers the pn junction exposure portion, wherein

the glass layer is formed using a glass composition for

protecting a semiconductor junction made of fine glass
particles prepared from a material in a molten state
obtained by melting a glass raw material which contains
at least ZnO, Si0,, B,0;, Al,0; and at least two oxides
of alkaline earth metals selected from a group consisting
of BaO, CaO and MgO with the following contents and
substantially contains none of Pb, As, Sb, Li, Na and K,
the glass composition for protecting a semiconductor
junction containing no filler.

Zn0O: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0Oj5: 5 mol % to 30 mol %

AL O;: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %.

4. The semiconductor device according to claim 3, wherein
the glass layer is formed such that the glass layer covers the pn
junction exposure portion with an insulation layer interposed
therebetween.

5. A glass composition for protecting a semiconductor
junction used in forming a glass layer which protects a pn
junction in a semiconductor element having a pn junction
exposure portion where the pn junction is exposed, wherein

the glass composition for protecting a semiconductor junc-

tion is made of fine glass particles prepared from a
material in a molten state obtained by melting a glass
raw material which contains at least ZnO, Si0,, B,O;,
Al,O; and at least two oxides of alkaline earth metals
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selected from a group consisting of BaO, CaO and MgO
with the following contents and substantially contains
none of Pb, As, Sb, Li, Na and K, the glass composition
for protecting a semiconductor junction containing no
filler.

Zn0: 30 mol % to 60 mol %

Si0,: 5 mol % to 45 mol %

B,0;: 5 mol % to 30 mol %

AlLO5: 5 mol % to 13 mol %

oxide of alkaline earth metal: 1 mol % to 10 mol %.

6. The glass composition for protecting a semiconductor
junction according to claim 5, wherein the glass raw material
further contains nickel oxide.

7. The glass composition for protecting a semiconductor
junction according to claim 5, wherein the glass raw material
further contains ZrO,.

8. The glass composition for protecting a semiconductor
junction according to claim 5, wherein a glass transition
temperature Tg falls within a range of from 540° C. to 680° C.

9. The glass composition for protecting a semiconductor
junction according to claim 5, wherein the content of ZnO
falls within a range of from 40 mol % to 56 mol %, the content
of'Si0, falls within a range of from 8 mol % to 20 mol %, the
content of B,O; falls within a range of from 20 mol % to 30
mol %, the content of Al,O, falls within arange of from 6 mol
% to 10 mol %, and the content of the oxide of an alkaline
earth metal falls within a range of from 2 mol % to 5 mol %.

10. The glass composition for protecting a semiconductor
junction according to claim 5, wherein the semiconductor
element is a semiconductor element made of SiC.

11. The glass composition for protecting a semiconductor
junction according to claim 1, wherein the semiconductor
element is a semiconductor element made of GaN.

12. The glass composition for protecting a semiconductor
junction according to claim 5, wherein the glass raw material
substantially contains no Bi.

13. The glass composition for protecting a semiconductor
junction according to claim 12, wherein the glass raw mate-
rial substantially contains no P.

14. The glass composition for protecting a semiconductor
junction according to claim 5, wherein the glass layer is a
glass layer which is formed such that the glass layer covers the
pn junction exposure portion with an insulation layer inter-
posed therebetween.

15. The glass composition for protecting a semiconductor
junction according to claim 14, wherein an average linear
expansion coefficient within a temperature range of from 50°
C. t60 500° C. falls within a range of from 4.5x107° to 5.8x
107°.

16. The glass composition for protecting a semiconductor
junction according to claim 1, wherein the semiconductor
element is a semiconductor element made of Si.

17. The glass composition for protecting a semiconductor
junction according to claim 16, wherein the semiconductor
element is a fast recovery diode.
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